Abstract-Photovoltaic modules may be subject to significant ageing during their lifetime. This is evident especially through the value of the series resistance, which is one of the five parameters appearing in the single diode model of the module. The identification of the series resistance value drift on the basis of on-field measurements is not trivial, because of the measurement noise and limitations in reaching the open circuit voltage conditions. In this paper, an approach to the identification of the operating parameters of the module through outdoor measurements is proposed. The method shows interesting features in view of its application to detecting module ageing phenomena during its lifetime.
INTRODUCTION
Photovoltaic (PV) modules are subject to degradation of performance during their lifetime. This can be due to accidents, e.g., heavy objects hitting the surface, or gradual or even accelerated ageing by some phenomena. Uneven loss of transparency of the module's frontal cover, humidity, differences of potentials among the cells, the ground and the module's envelope, and local temperature increase are only some of the causes of the reduction of the power produced by the PV module. Early detection of the performance degradation is a key factor for avoiding too large losses of the power production before performing a maintenance action or replacing the module. In literature, the number of papers dedicated to this issue is rapidly increasing. Some approaches are based on the use of thermography, but they require expensive cameras and also drones [1] - [3] . The advantage is in the fact that the actual operating conditions of the modules can be checked whenever is needed, because the analyses does not affect their operation at all. They also give a huge amount of data that are off-line processed for a detailed diagnostic and prognostic action.
A big effort is instead oriented to having enough diagnostic information with the minimum number of sensors. Indeed, as it is known, irradiance and cell temperature sensors are generally expensive and provide only local measurements, so that their adoption, especially on PV module level, is very discouraged. This holds especially in PV plants at a consumer scale, e.g., for domestic applications and even building integrated PV (BIPV). In these cases, the cost of the sensors might affect the overall cost significantly. Moreover, a single sensor may provide useless information if the modules are integrated into existing structures, allowing them to operate under uneven irradiance and temperature conditions. An alternative approach, which is model-based, adopts indicators that allow comparing some key elements of the PV module working in outdoor conditions with their reference values. The Maximum Power Point (MPP) voltage and current values, i.e., V MPP and IMPP, are compared [4] with the values in short and open circuit conditions, thus Voc and Isc. Some approaches, which fall in the same category, include also the partial shadowing as an event to detect the defined indicators. Indeed, in [5] an approach that adopts some indicators for detecting the partial shadowing, Potential Induced Degradation (PID) and increase of the PV module internal losses is presented. It emerges that the identification of the value of the series resistance Rs of the PV module is a key aspect. This resistance also appears in the Single Diode Model (SDM) shown in Fig. 1 . Such a model includes the five unknown parameters {Iph, Is, η, Rs, Rsh}, thus the photo induced current, the saturation current and the ideality factor, the series resistance and the shunt resistance, respectively. Some approaches to the identification of the current value of the series resistance have been presented in the literature. A comprehensive overview has been recently published in [6] . In [7] and [8] the so called "Suns-Voc analysis" and a possible improvement of it are proposed. In [7] the Real Time Series Resistance (RTSR) is monitored without the need of measuring the whole current and voltage (I-V) curve. Both the approaches require the measurement of the operating irradiance and temperature values of the module. The RTSR method also needs data collected in a time window preceding the instant at which the identification is performed. In [9] a method that does not require the acquisition of the whole I-V curve is proposed. It is based on the use of a relationship expressing the value of the open circuit voltage as a function of the series resistance and of the current and voltage values in the maximum power point. Unfortunately, the method requires a pre-characterization of the module aimed at identifying the values of three coefficients appearing in the used interpolating function, which are strictly dependent on the type of module under test. In [10] an interesting analysis of the effects of the variation of η, Rs and Rsh values have on the I-V curve is presented. It is evidenced that the same change of the I-V curve might be due to the variation of even more than one parameter, so that the identification of the parameter that is responsible for that change becomes tricky. It is also analyzed the parametric change affecting one or more cells in a module. The proposed identification method is oriented to the detection of production defects and can be applied off line, because tests at a low and fixed irradiance level are required, which is not feasible in outdoor conditions. Also the approach presented in [11] requires a set of I-V curves corresponding to specific values of irradiance and temperature, in particular at different irradiances but with a constant cell temperature.
Some approaches identify the Rs value, as well as the values of the other four parameters appearing in the SDM, in Standard Test Conditions (STC), where the operating irradiance and temperature values are known. Examples in literature are many, because very different methods can be used [12] for the identification of all the five parameters, not only of the series resistance. They can be classified in methods: (i) using optimization algorithms, (ii) based on iterative algorithms and (iii) non-iterative based on explicit formulas. The first ones generally use stochastic algorithms for minimizing the root mean square difference between the experimental points of the I-V curve and those ones calculated through the SDM. Some examples are given in [13] - [15] . The computational burden might be significantly reduced if some iterative algorithms, e.g., the well known [16] , are used. Indeed, they keep into account some physical analysis of the SDM and of the PV generator operation, so that a low number of iterations is needed only for refining a guess solution that is calculated through explicit equations. The third approach is based on explicit equations only. The five parameters {I ph, Is, η, Rs, Rsh} are determined without any iteration, but straightforwardly, often recurring to the Lambert W-function. A comprehensive overview can be found in [17] .
Unfortunately, in outdoor conditions, the methods that are designed for being used in STC cannot be applied, unless the operating values of irradiance G and temperature T are provided. The series resistance is often estimated by measuring the slope of the PV module I-V curve close to the open circuit conditions. Nevertheless, this approach might suffer from measurement noise and inaccuracies.
This article proposes a method of parameter identification that works for measurements of PV modules in outdoor conditions. It uses the I-V curve of the module as an input data or only part of it around the MPP, in any available radiation and temperature measurement conditions. No irradiance or temperature measurement is assumed to be available. The proposed approach has as its output the identified values of the operating conditions, thus G and T, and of the series and shunt resistances appearing in the SDM. A number of tests performed on experimental data, which have been acquired on the PV platform installed at Tampere University, allows to validate the procedure and show the usefulness of the results for diagnostic purposes.
The manuscript is organized as follows. Section II summarizes the numerical procedure adopted for parametric identification. Section III shows the results achieved in a number of experimental cases. Conclusions end the paper.
II. THE IDENTIFICATION PROCEDURE
The identification procedure is based on the use of the built-in Matlab function fit.m. It implements a nonlinear minimization of an objective function through the well-known Trust Region algorithm. It needs a guess solution and a range for each of the parameters to identify, so that the search space is bounded. The procedure identifies the set of parameters {G, T, Rs, Rsh} by minimizing the Root Mean Square Error (RMSE) between the I-V curve obtained through the SDM and the one measured when the PV module works in outdoor conditions. In the next sub-sections, the steps the procedure consists of are described in sequence.
A. Computation of the guess solution
The guess solution is calculated by referring to the datasheet values provided by the module manufacturer. The procedure proposed in [12] (Section 2.2.2), which is based on the use of explicit equations only, is used. Its adoption ensures a low computation effort so that it can be implemented even in an embedded system.
B. Setting of the guess solution and of the search space
The values in STC are used for starting the identification procedure of the SDM when the module works outdoors. The actual irradiance G and cell temperature T are not known, so that the parametric identification cannot be performed through the same procedure recalled in the previous sub-section and referred to the STC. Thus, the extended set of parameters {G, T, Iph, Is, η, Rs, Rsh} should have to be identified. Nevertheless, two main dependences from G and T can be evidenced; they concern the photo-induced current Iph and the saturation current Is as it follows:
where αI is the thermal coefficient of the panel short circuit current, CSTC is a coefficient calculated at STC and all the quantities having the subscript STC are referred to the Standard Test Conditions [12] . Eg(T) is the material band gap at the temperature T, which is determined as [12] :
wherein the thermal coefficient of the energy gap αE is assumed to be equal to 0.000277 K -1
.
A further dependency on the cell temperature appears in the thermal voltage of the cell:
where Ns is the number of series connected cells of the module, η is the ideality factor, k is the Boltzmann constant and q the electron charge. Parameter a has to be taken into account when the PV module current is explicitly calculated as a function of the voltage through the Lambert W-function [12] :
wherein:
Finally, the set of parameters to be identified can be limited to {G, T, η, Rs, Rsh}. Furthermore, also the parameter η can be kept fixed at its STC value, by considering its weak dependency on the irradiance and temperature conditions [18] . As a consequence, the set of identified parameters has been finally fixed to {G, T, Rs, Rsh} in this paper.
C. Identification procedure
It is assumed that the I-V curve of the PV module is acquired while it is working in outdoor conditions. The RMSE between the experimentally acquired samples and the samples generated through (5) for a given set of parameters has to be minimized. Any identified set of {G, T, Rs, Rsh} allows to calculate Iph and Is through (1), (2) and (3), then (4) and (6) are used to compute a and θ so that the samples of the PV module current I can be calculated for any sample V of the PV module voltage. Thus, the best set of {G, T, Rs, Rsh} that minimizes the RMSE can be determined through a minimization approach.
III. EXPERIMENTAL RESULTS
The experimental results are based on I-V curves measurements acquired at the PV research plant installed on the roof of the Tampere University in Finland. The curves are acquired by sampling the voltage interval [0,Voc] of a single PV module in 4000 values. The panel is a NAPS NP190GKg, including 54 poly-crystalline silicon cells. Its STC electrical performance is summarized in Table I .
The procedure recalled in Section II.A gives the identified values of the five parameters of the SDM in STC that are reported in Tab. II. As stated in Section II, these values are considered as the guess solution of the fitting procedure presented in this paper. 122.56
The guess solution and the ranges of the identified parameters are listed in Tab. III. They are required by the fitting procedure used in this paper for measured I-V curves. Two curves, acquired at different irradiance and temperature values, have been used for testing the effectiveness of the approach. The experimental points and the fitted curves are shown in Fig. 2 and Fig. 3 . The good quality of the fitting is evident in the figures, which is obtained by the sets of parameters listed in Tab. IV. Tab. IV are compared with the experimental measurements obtained through a pyranometer and a temperature sensor placed on the back side of the module. As for the curve at low irradiance, Gmeasured = 154 W/m 2 and Tmeasured = 35.2 °C, thus the fitting has 17% and 7% overestimations, respectively. At high irradiance, instead, Gmeasured =1056 W/m 2 and Tmeasured = 46.2 °C, resulting in 9% and 7% overestimations, respectively. The overestimation of the irradiance level is due to an underestimation of the short circuit current in STC given by the manufacturer in the data sheet. This has been confirmed by many measurements performed at Tampere University. The 7% overestimation in terms of temperature is reasonable because the measured temperature is at the module back side while the estimated temperature is referred to the cells temperature. Moreover, inhomogeneity of the temperature distribution can occur in practice, but this cannot be catch by the model, because it assumes that all the cells in the module work at the same temperature. Furthermore, it has to be noticed that two cables of 53.5 m length and having a total equivalent resistance of 0.363 are connected to the module's terminals and used for acquiring the I-V curves in the laboratory. Thus, the cable resistance has to be subtracted from the identified Rs values to obtain comparable results with the initial SDM parameter values of the module. At high irradiance, the cable resistance subtracted from Rs = 0.7707 results in 0.4076 , which is almost equal to the value obtained in STC and shown in Tab. II.
In order to validate the ability of the proposed approach in identifying the actual value of the series resistance of the module, an experiment has been conducted on the same PV module analyzed before. The I-V curve has been repeatedly acquired in sunny days in four different conditions, namely by adding, in sequence, three resistors in series having different resistances. The first one is of 0.22 Ω, the second one of 0.47 Ω and the third one of 0.69 Ω. The result is shown in Fig. 4 . The curves giving identified values of G in the range [900,1000] W/m 2 have been isolated and the values of the identified corresponding series resistances have been plotted with different colors, depending on the value of the series resistance added to the PV module. It is worth noting that the distributions of dots for the different colors are different, because the measurements were done in different sunny days with different additional resistances for the same PV module. Fig. 4 shows that the proposed algorithm allows to identify a stable value of the series resistance for each set of measurements. The black dots in the figure, which have been obtained without any additional resistance, are coherent with that one for Rs shown in the third row of Tab. IV. The distributions of the dots are almost horizontal meaning that, in the selected range of G, the identified Rs value is very stable. This allows discriminating one resistance value from another one very well. 
IV. CONCLUSIONS
In this paper an approach is presented for the parametric identification of the SDM of a PV module. The method operates on the module's I-V curve acquired during outdoor operation and it does not rely on the measurement of the operating irradiance and temperature. It is able to identify the actual values of the operating irradiance and cell temperature, as well as the series and the shunt resistances appearing in the SDM. The results shown in the paper assume that the whole current vs. voltage curve is available in a number of samples. This is an obvious drawback of the method, because the measurements have to range from open circuit up to short circuit conditions. Nevertheless, results shown in Figs. 4 and 5 show that the identified Rs value has a quite small fluctuation from 500 W/m 2 upwards. This means that the proposed procedure can be applied also by using experimental currentvoltage points acquired in a limited range around the maximum power point. Such a strategy would avoid to affect the normal operation of the module and to reduce the power produced during the data acquisition for the Rs diagnosis. The price to pay would be a wider variation of the identified value of the series resistance, thus more "noise" around the points in Fig. 2 and in Fig. 3 . It would affect the minimum variation of Rs that the proposed algorithm is able to detect. Further work is currently in progress, so that more results will be shown in a forthcoming paper.
The computation complexity of the adopted model and the accuracy of the results seem to ensure a good compromise for the porting of the approach to an embedded system for on-site operation. The results achieved in terms of identification of the series resistance are promising in view of the application of the method for PV module diagnostic purposes. The results presented in this paper refer to modules' diagnosis, thus are conceived for an application of the proposed algorithm through module-dedicated electronics, e.g. micro inverters or power optimizers. The approach is evidently scalable at string or field level. 
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